The authors report the results of a detailed study of the effect of growth conditions, for molecular beam epitaxy, on the structural and optical properties of self-assembled InAs quantum dots ͑QDs͒ on In 0.524 Al 0.476 As. InAs QDs both buried in, and on top of, In 0.524 Al 0.476 As were analyzed using photoluminescence ͑PL͒ and atomic force microscopy. InAs QD morphology and peak PL emission wavelength both scale linearly with deposition thickness in monolayers ͑MLs͒. InAs deposition thickness can be used to tune QD PL wavelength by 170 nm/ML, over a range of almost 700 nm. Increasing growth temperature from 440 to 480°C results in a linear decrease in QD size and a blueshift in peak emission wavelength of 3.5 nm/°C. This is a direct result of the temperature dependence of the In-sticking coefficient. InAs deposited on InP-lattice-matched In 0.532 Ga 0.468 As forms larger, lower-density features with longer PL wavelength, as expected from a consideration of the effects of In segregation and intermixing on strain and surface roughness. Choice of buffer material is shown to be critical to QD characteristics.
I. INTRODUCTION
Self-assembled InAs quantum dots ͑QDs͒ on GaAs/ AlGaAs have been studied in depth over the last 20 years. This system exhibits high strain, resulting from a lattice mismatch between GaAs and InAs of approximately 7%.
1 Growth proceeds via the Stranski-Krastanov mode, which means that after the epitaxy of an initial 1.6 ML thick two-dimensional ͑2D͒ wetting layer, 2 a transition occurs and further deposition results in the formation of threedimensional ͑3D͒ InAs islands: self-assembled QDs. In recent years, a mechanism for the 3D-islanding process of InGaAs on GaAs has been proposed, relying on vertical segregation of the largest atomic species: In. 3 During growth, a flat layer of epitaxial In x Ga 1−x As is initially deposited but with an In-rich layer formed at the surface due to segregation. When a critical In concentration in this layer of x = 0.85 is reached, its strain is sufficient to trigger the Stranski-Krastanov transition and 3D islanding begins. For the case of InAs on GaAs, it might be expected that this critical In concentration will be achieved immediately. However, a short delay occurs due to intermixing between the InAs and the underlying GaAs. After 1 ML of InAs has been deposited, the 2D In x Ga 1−x As layer has a concentration of x ϳ 0.82. Subsequent InAs is deposited in the form of chains which "float" on the surface of the 2D layer. Strain reaches the critical level for the Stranski-Krastanov transition to occur shortly afterwards, by which time, 0.5-0.6 ML of highly mobile InAs chains are available for incorporation into selfassembled QDs, which form rapidly at suitable nucleation sites. 4, 5 These self-assembled QDs confine carriers in all three dimensions and, as such, behave as pseudoatoms with welldefined energy levels. The inclusion of these QDs into devices has led to lasers with lowered threshold currents and improved temperature stability, 6, 7 and single photon emission and detection for cryptographic applications. 8, 9 Such QDcontaining GaAs-based structures typically luminesce at wavelengths shorter than 1.3 m. Optoelectronic heterostructures based on the InP matrix are of interest for a number of applications, most notably, fiber-optic telecommunications. This is because their band-gap energies correspond to wavelengths around 1.55 m, coincident with the absorption spectrum minimum of standard silica fibers. This article summarizes the results of experiments into the effect of molecular beam epitaxy ͑MBE͒ growth conditions on structural and optical properties of self-assembled InAs QDs in InAlAs-and InGaAs-based systems, lattice matched to InP. It is hoped that, in conjunction with our current understanding of the GaAs/ InAs QD heterostructures, studying such structures will result in novel technologies being realized which can exploit this longer wavelength region.
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II. EXPERIMENT
All samples in this article were grown using a VEECO Gen. II solid-source MBE machine and, unless otherwise stated, all were based on the following structure. After thermal desorption of the native oxide, a 500 nm In 0.524 Al 0.476 As ͑hereafter referred to as InAlAs͒ lattice-matched buffer was grown on a semi-insulating InP ͑001͒ substrate. A layer of InAs dots was then deposited, the growth conditions for which were varied according to the individual experiments, followed by a 200 nm InAlAs capping layer. Finally, another layer of InAs dots was grown on the free surface under nominally identical conditions to the buried InAs layer. The InAs growth rate was 0.1 ML/ s, calibrated by reflection high energy electron diffraction ͑RHEED͒ and ex situ x-ray diffractometry of bulk samples. This growth rate corresponded to an indium flux of 20% of that which was used for growing the bulk InAlAs layers. Since only one indium source was available for this work, 10 min growth interruptions were introduced before and after the InAs QD layers during which the surface was maintained under an As 4 overpressure. These interruptions allowed the indium cell temperature to be adjusted, to provide the two required fluxes. The III/V beam equivalent pressure ratio was maintained at ϳ30. The structures were undoped and, unless otherwise specified, the growth temperature was 460°C, as measured by optical pyrometry. The optical properties of the buried InAs QDs were probed by photoluminescence ͑PL͒, while the surface QDs were imaged directly, using atomic force microscopy ͑AFM͒.
It is known that In segregation in InAlAs is pronounced and hence, prior to InAs deposition, the surface layer of the InAlAs buffer will have a high In concentration. 10 Since during growth, only the uppermost layers take part in chemical exchange, this In-rich surface will inhibit intermixing between deposited InAs and the InAlAs buffer. The 2D alloy layer formed will therefore quickly achieve a very high In concentration. However, the strain between InAlAs and InAs is just 3.2% due to a smaller lattice mismatch than for GaAs/ InAs. So, in order for the necessary strain conditions to be met for the Stranski-Krastanov transition to occur, a greater thickness of InAs must be deposited than for the GaAs/ InAs system. Using RHEED, this transition from 2D to 3D morphology for InAlAs/ InAs was studied and was found to occur after an apparent deposition thickness of 2.0-3.0 ML, which corresponds closely to previously published values. 11 This small range in values arises from the fact that higher growth temperatures have been shown to increase the amount of InAs which must be deposited before the 2D-3D transition occurs. 12 It is important, however, to note that this is not due to variation in the critical thickness for the transition. The In-sticking coefficient is highly temperature dependent: a lower sticking coefficient means that the growth of a layer with set thickness takes longer. 13 
III. RESULTS AND DISCUSSION
Firstly, to assess the morphology of the InAs wetting layer, a sample was grown with 1.5 ML InAs coverage; be- .0, and 6.0 ML, was then grown. Since these were all above the critical thickness for the growth conditions used, QDs were formed. AFM images taken over 1.0 m 2 , with a z-axis scale of 5 nm ͓Fig. 1͑a͔͒ show that in contrast with the discrete, circular dots formed by InAs on GaAs, the InAs features on these samples are "dashlike." A 1 m 2 plan-view AFM image of the 4.0 ML sample ͓Fig. 1͑b͔͒ demonstrates this clearly. As has been shown previously, 14, 15 these dashes tend to line up along the ͓−110͔ direction. Due to cation termination, step edges in the ͓−110͔ direction on a ͑001͒ oriented surface are less reactive with respect to indium than the anion-terminated step edges in the ͓110͔ direction. Growth of the InAs features therefore proceeds more quickly in the ͓−110͔ direction. 16 QD heights, radii, and densities were measured for each sample from the AFM images ͓Fig. 1͑c͔͒ using SPM IMAGE MAGIC, a program written by Kryzhanovsky. 17 As InAs deposition thickness is increased, the size of the InAs dot features increases linearly. Conversely, QD density falls, but also monotonically. This indicates that the small QDs formed at low deposition thicknesses coalesce into larger features as InAs coverage increases. The bars here indicate the relatively large variance in feature size across the sampled area. These InAs features clearly have different dimensions in the ͓110͔ and ͓−110͔ directions. A manual analysis of the AFM image for the 4.0 ML sample shows that the average periodicity of the features in the ͓110͔ direction is 19.4± 2 nm, compared with 79.6± 12 nm in the ͓−110͔ direction, a length-to-width ratio of approximately 4.
PL spectra for these samples were measured, at 4.2 K, using a 488 nm Ar + pump laser ͑Fig. 2͒. Peak emission moves to longer wavelengths as InAs deposition thickness is increased. This is because increasing the size of the QDs results in a reduction in the subband energy. By fitting Gaussians to the spectra, a peak emission wavelength was found for each sample. Emission wavelength can be tuned from 1.09± 0.04 to 1.76± 0.07 m simply by varying the InAs deposition thickness. The inset plot ͑Fig. 2͒ shows that peak emission wavelength changes linearly with InAs thickness, at 170 nm/ML.
Structure can be resolved on all spectra ͑Fig. 2͒, but most clearly on those samples with lower InAs coverage. These features become smooth as deposition thickness is increased. To verify that these features were due to the sample rather than some artifact of the measurement itself, a series of PL spectra from the 4.0 ML sample were taken with increasing sample temperature ͑Fig. 3͒. As the measurement temperature was increased, the features on these spectra experienced a redshift in wavelength. They also became less intense on heating. Since the experimental setup was not changed between measurements, this indicates that these spectral features do indeed derive from the sample itself. It is proposed that this structure derives from excited states within the QDs, such as have been previously studied in self-assembled InGaAs/ GaAs QDs, 18 the resonant features of which become smooth at high temperature due to thermal broadening. The absorption features in the region just below 1.4 m are due to the presence of water vapor in the beam path.
The effect of growth temperature on the structure and luminescence of the InAs dots was investigated. The InAs QD growth rate, calibrated at 460°C with RHEED, was used to grow three samples with nominally 7.5 ML InAs coverage. In this series, the growth temperature was varied from 440 to 480°C as measured by optical pyrometry, while all other aspects of growth were identical. 1 m 2 AFM images and dot counting results are shown for these samples ͑Fig. 4͒. As the substrate temperature is increased, the InAs features become monotonically smaller and more uniform in size, while the QD density increases linearly. This can be explained by the fact that the In-sticking coefficient is re- duced significantly with increasing temperature, as discussed above. Deposition of InAs for a constant length of time will result in the formation of different epitaxial thicknesses depending on the growth temperature. At higher temperatures, the time taken for an InAs layer of critical thickness to form will be longer, and so the 2D-3D transition is retarded. Hence, for a fixed InAs exposure time, dots will begin forming soonest on samples grown at cooler growth temperatures. These dots then have longer in which to grow and coalesce than those grown on hotter substrates, and so the end result is larger, less dense dots being formed at colder growth temperatures. These findings are borne out by the PL spectra for these samples, measured at 4.2 K ͑Fig. 5͒. As the substrate temperature is raised, peak emission wavelength undergoes a blueshift of approximately 3.5 nm/°C due to the smaller QD sizes. In addition, the full width at half maximum ͑FWHM͒ of the peaks is reduced, reflecting the more uniform QD size distribution.
For nonnormalized data, the highest emission intensity is obtained from the hottest sample grown at 480°C, indicating better crystal quality. Schwertberger et al. 19 performed a similar experiment into the effect of substrate temperature on PL wavelength. Samples of InAs QDs were grown on In 0.532 Ga 0.468 As ͑hereafter referred to as InGaAs͒ lattice matched to InP, using gas-source MBE. Over the range of growth temperatures from 480 to 500°C they also reported an increase in signal intensity with substrate temperature. However, in contrast with the results presented here, they suggested that peak wavelength was unaffected by growth temperature. Our experiment was therefore repeated, but in each case a blueshift in peak emission wavelengths of 2.5-3.5 nm/°C was measured.
To assess the effect of depositing InAs QDs on InPlattice-matched InGaAs instead of the lattice-matched InAlAs investigated above, two further samples were grown. The same basic structure was used as for the previous experiments, except that in one of the samples, both InAlAs layers were replaced with InGaAs. All other aspects of growth were identical, with 4.0 ML of InAs deposited and a growth temperature of 445°C, as measured by optical pyrometry. 1 m 2 AFM images were taken of InAs QDs on InAlAs ͓Fig. 6͑a͔͒ and InGaAs ͓Fig. 6͑b͔͒. The InAs features grown on InGaAs are larger, less densely packed, and more uniform in size distribution than those grown on InAlAs. These observations can be readily explained by reconsidering the mechanism of dot formation. In segregation in InAlAs has been shown to be significantly higher than in InGaAs. 10 A lower In concentration at the InGaAs buffer surface will therefore result in greater intermixing with deposited InAs, compared to that at the InAlAs buffer surface. This means that the strain induced by the resultant 2D In x Ga 1−x As alloy layer will be lower than for the equivalent In y Al 1−y As alloy ͑where y Ͼ x͒. In addition, the InGaAs buffer surface will be smoother and more ordered than that of the InAlAs buffer due to lesser In segregation, and so will have fewer nucleation sites. 20 This is confirmed by AFM images of InAlAs ͓Fig. 7͑a͔͒ and InGaAs ͓Fig. 7͑b͔͒ buffers, grown under identical conditions and shown to have comparable strain using x-ray diffraction analysis. The InGaAs surface shows flat, regular terraces extending along the ͓−110͔ axis, the step edges of which have been shown to be suitable sites for QD nucleation. 4 The InAlAs surface conversely shows no terracing but a homogeneously disordered surface, where almost any point could serve as a nucleation site. From the combination of these two factors of strain and surface roughness, it follows that InAs will form larger, less dense features on InGaAs than on InAlAs.
4.2 K PL analyses for these samples ͓Fig. 6͑c͔͒ serve to support these findings. The InGaAs/ InAs sample emits at a wavelength of 460 nm longer than the InAlAs/ InAs sample, which is due directly to the larger InAs features formed on InGaAs. The FWHM of the PL peak from the InGaAs/ InAs sample is lower, confirming the reduced size distribution of the InAs features. In the nonnormalized spectra, the peak from the InGaAs/ InAs sample was over twice as intense as the peak from the InAlAs/ InAs sample, indicating a superior crystalline quality. The smoother buffer surface of the InGaAs enhances ordering in the overlying InAs feature array. Clearly, the appearance and properties of the InAs QDs can be optimized through a careful choice of buffer material.
IV. CONCLUSIONS
In conclusion, we have shown that both morphology and peak emission wavelength of InAs QDs on In 0.524 Al 0.476 As scale linearly with deposition thickness in monolayers. By varying the InAs deposition thickness, the QD PL emission wavelength can be tuned at 170 nm/ML over a range of nearly 700 nm. Increasing the growth temperature from 440 to 480°C resulted in a linear decrease in QD size and a blueshift in peak emission wavelength of 3.5 nm/°C, shown to be a result of the temperature dependence of the Insticking coefficient. Deposition of InAs on lattice-matched In 0.532 Ga 0.468 As produced larger, lower-density features, with a correspondingly longer PL wavelength of 1.750 m. This was explained by relative In segregation, intermixing, and strain and roughness arguments, and indicated that careful choice of buffer material is critical to the way in which QDs are formed. 
